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Abstract 
A Dickson-type adder/subtractor DC-DC converter utilizing hybrid inputs is proposed in this paper. Unlike the 
conventional Dickson converter, the proposed converter can offer the stepped-up/stepped-down voltage by combining 
the battery energy and the renewable energy. Furthermore, the proposed converter can realize many conversion ratios. 
Therefore, by choosing the optimal combination of conversion ratio, the proposed converter can alleviate the energy 
loss caused by the output regulation. Through theoretical analyses, simulations and experiments, the following results 
were shown: 1. The proposed converter can offer stepped-up/stepped-down voltages, because the validity of the 
circuit design was confirmed by breadboard electronic experiments. 2. The formulas obtained by the theoretical 
analyses are useful to estimate properties of the proposed converter, because the theoretical results corresponded well 
with the SPICE simulated results. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
In mobile electronic products, a capacitor-based switching converter [1]-[4] has been used to generate 
the stepped-up or the stepped-down voltage by converting the voltage of a lithium-ion battery (Typ. 3.7V). 
The capacitor-based converter can achieve thin and small circuit composition, light-weight and low-noise, 
because no magnetic component is necessary. However, the capacitor-based converter is efficient only at 
a few conversion ratios, because the conversion ratio is predetermined by circuit structure. Therefore, to 
achieve higher power efficiency, the capacitor-based converter which can realize many conversion ratios 
is desirable. 
In past studies, Chang et al. proposed the multi-stage multiplier/divider DC-DC converter [3], where 
several switched-capacitor converters are connected mutually to realize many conversion ratios. However, 
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the circuit size extremely increases due to the multi-stage topology though the multi-stage converter can 
offer various kinds of output voltages.  
In this paper, a Dickson-type adder/subtractor DC-DC converter is proposed. To generate the output 
voltage, the proposed converter utilizes two input sources: battery input and renewable energy input. 
Although the conventional Dickson converter [2] provides only the stepped-up voltage, the proposed 
converter can provide the stepped-up/stepped-down voltage by combining the battery energy and the 
renewable energy. Moreover, the proposed converter generates various kinds of output voltages than the 
conventional capacitor-based step-up/step-down converter. Therefore, by choosing the optimal 
combination of conversion ratio, the proposed converter can alleviate the energy loss caused by the output 
regulation. 
To confirm the validity of the circuit design, SPICE simulations and experiments are performed 
concerning the proposed converter. 
Fig. 1. An example of the conventional step-up/step-down DC-DC converter 
2. Circuit structure 
2.1. Conventional step-up/step-down converter 
Figure 1 shows an example of the conventional step-up/step-down DC-DC converter [1]. The 
conventional converter of Fig.1 is called the ring-type DC-DC converter. By converting input voltage, the 
conventional converter provides the following output voltage: 
,inout Vr
sV ⋅=  (1) 
where the parameters s (=1, 2, 3) and r (=1, 2, 3) are determined by controlling power switches Si,j
((i=1,2,3) and (j=1,2,3)). In Fig.1, power switch S1,j is driven by non-overlapped three-phase pulse, S2,j is 
driven by the inverted pulse of S1,j, and S3,j and S4,j are driven by clock pulses obtained by shifting clock 
pulses cyclically. In Fig.1, the conventional converter can achieve seven types of conversion ratio: s/r = 
{1/3, 1/2, 2/3, 1, 2, 3/2, 3}. 
2.2. Proposed converter 
Figure 2 shows the proposed adder/subtractor DC-DC converter utilizing two input sources: battery 
input and renewable energy input. By combining the battery energy and the renewable energy, the 
proposed converter provides the stepped-up/stepped-down voltage as follows: 
( ){ } ( ),00 21211 ∨∨+∨∨−= ininininout VVVVVV  (2) 
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where    ( ) ( ){ } ( ).00 212121 ∨∨+∨∨−∨= ininininininout VVVVVVV
As Eqs.(1) and (2) show, the conversion method of the proposed converter is totally different from that of 
the conventional converter. In the proposed adder/subtractor DC-DC converter, the number of conversion 
ratios is determined by not only the number of capacitors but also the number of inputs. 
Table 1 shows the comparison between the proposed converter and the conventional converter. As 
Table 1 shows, the proposed converter can provide various kinds of output voltages than the conventional 
converter. Therefore, by choosing the optimal combination of conversion ratio, the proposed converter 
can alleviate the energy loss caused by the output regulation. Furthermore, the proposed converter can 
achieve hardware size smaller than the conventional converter. 
Fig. 2. An example of the proposed adder/subtractor DC-DC converter 
Table 1. Comparison concerning hardware cost and conversion ratio 
 Number of capacitors Number of switches Number of conversion ratios 
Proposed converter 3 10 20 
Conventional converter 4 14 7 
3. Theoretical analysis 
To save space, only the theoretical analysis in the case of Vout=2Vin2 - Vin1 is described in this section, 
where we assume that 1. Parasitic elements are negligibly small and 2. Time constant is much larger than 
the period of clock pulses. 
In the steady state, the instantaneous equivalent circuits of the proposed converter can be expressed by 
the circuits shown in Fig.3, where Ron denotes the on-resistance of the power switch. In Fig.3, the 
differential value of the electric charge in capacitor Ck (k=1, 2, 3) satisfies 
,021 =Δ+Δ
k
T
k
T qq  (3) 
where                   T=T1+T2,    T1=DT    and   T2=(1-D)T. 
In Eq.(3), D is the duty factor, and kTq 1Δ  and 
k
Tq 2Δ  denote electric charges in the case of State-T1 and 
State-T2, respectively. In the case of State-T1, differential values of electric charges in terminal Vin1,
terminal Vin2 and terminal Vout , 1,1 inVTqΔ , 2,1 inVTqΔ  and outVTq ,1Δ , are given by 
,0
1,1 =Δ inVTq
1
1,1 2 TVT qq in Δ=Δ and    .
3
1
2
1,1 TTVT qqq out Δ+Δ=Δ  (4) 
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Fig. 3. Instantaneous equivalent circuits of the proposed converter in the case of Vout=2Vin2 - Vin1: (a) State-T1 and (b) State-T2
On the other hand, in the case of State-T2, differential values of electric charges in terminal Vin1,
terminal Vin2 and terminal Vout, 1,2 inVTqΔ , 2,2 inVTqΔ  and outVTq ,2Δ , are given by 
,22,2 1 TVT qq in Δ−=Δ
1
2,2 2 TVT qq in Δ−=Δ and    .
3
2,2 TVT qq out Δ=Δ  (5) 
where                    .22
1
2 TT qq Δ−=Δ
Using Eqs.(4) and (5), average currents in the inputs and the output can be expressed by 
( ) ,
111 ,2,11 TqTqqI ininin VVTVTin Δ≡Δ+Δ=
( ) TqTqqI
ininin VVTVTin 222 ,2,12
Δ≡Δ+Δ=
and ( ) ,,2,1 TqTqqI outoutout VVTVTout Δ≡Δ+Δ=  (6) 
where 
1inVqΔ , 2inVqΔ  and outVqΔ  are electric charges in terminal Vin1, terminal Vin2 and terminal Vout,
respectively. Therefore, from Eqs.(3), (4), (5) and (6), we have the relation between average output 
current and average input currents as follows: 
outin II =1     and    .22 outin II −=  (7) 
Next, let us consider the consumed energy in one period. In Fig.3, the consumed energy in one period 
can be expressed as 
,21 TTT WWW +=  (8) 
where                   ( ) ( )2212111 1
2
1
2
T
on
T
on
T qT
Rq
T
RW Δ+Δ= and    ( ) .
2
3 21
22 T
on
T qT
RW Δ=  (9) 
Using Eqs.(3), (4), (5) and (6), Eq.(9) can be rewritten as 
( )
( ) ( ) .1
4 2
out
on
T qTDD
RDW Δ
−
−
=  (10) 
Here, the consumed energy of a general equivalent circuit of capacitor-based converters [4] can be 
expressed by 
,
2
21 TRT
qWWW SCoutTTT ⋅⋅⎟⎠
⎞⎜⎝
⎛ Δ
≡+=  (11) 
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where RSC is called the SC resistance and M is the ratio of an ideal transformer. Therefore, from Eqs.(10) 
and (11), the SC resistance of the proposed converter is expressed as 
( )
( ) .1
4
DD
RDR onSC
−
−
=  (12) 
Using Eqs.(7) and (12), the equivalent circuit can be expressed by the following determinant: 
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because the equivalent circuit of the SC power converters can be expressed by the determinant using the 
Kettenmatrix. Finally, from Eq.(13), we have the equivalent circuit of the proposed converter as shown in 
Fig.4. From Fig.4, the power efficiency and the output voltage of the proposed converter are obtained as 
( )
( ) ( ) LSC LLoutSCout
Lout
RR
R
RIRI
RI
+
=
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= 22
2
η and ( ),2 12 inin
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L
out VVRR
RV −
+
=  (14) 
where RL denotes the output load. For example, the target voltage such as 2.2V is required to drive a 
center processing unit (CPU) in mobile systems. In this case, the ideal output voltage of the proposed 
converter is obtained by Vout = 2Vin2 - Vin1 = 2.3V if the input voltages are Vin1 = 3.7V and Vin2 = 3V. For 
this reason, the energy loss due to the output regulation in the proposed converter is smaller than that in 
the conventional converter, because the conventional converter generates the target voltage by regulating 
the 2/3x stepped-down voltage (=2.47V). 
Fig. 4. An example of the equivalent circuit of the proposed converter 
                 
Fig. 5. Simulated results: (a) Power efficiency and (b) Output voltage 
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4. Simulation 
To confirm the validity of theoretical analysis, the properties of the proposed converter are 
investigated by SPICE simulations, where Vin1 = 3.7V, Vin2 = 3V, C1 = C2 = C3 = 500nF, D = 0.5, Ron =
10ohm and T = 1 μ s. Figure 5 shows the simulated results. As Fig.5 shows, the theoretical results 
correspond well with the SPICE simulated results. Thus, the validity of the theoretical analysis described 
in Sect.3 was confirmed. 
                 
Fig. 6. Experimental results: (a) Step-down conversion and (b) Step-up conversion 
5. Experiment
To confirm the validity of circuit design, experiments were performed regarding to the proposed 
converter shown in Fig.2. The experimental circuit was built with commercially available transistors 
2SK2493 on a bread board, where Vin1 = 3.7V, Vin2 = 3V, C1 = C2 = C3 = 10 μ F, D = 0.5, RL=10k ohm 
and T = 2 ms. Figure 6 shows the measured output voltages. As Fig.6 shows, unlike the conventional 
Dickson converter, the proposed converter can achieve step-up/step-down conversion.  
6. Conclusion  
In this paper, a Dickson-type adder/subtractor DC-DC converter has been proposed. The results of this 
study are as follows: 1. The proposed converter provides more various kinds of output voltages than the 
conventional converter. Therefore, the proposed converter can alleviate the energy loss caused by the 
output regulation. 2. The proposed converter can offer stepped-up/stepped-down voltages, because the 
validity of the circuit design was confirmed by experiments. 3. The formulas obtained by the theoretical 
analyses are useful for designing the proposed converter, because the theoretical results corresponded 
well with the SPICE simulated results. 
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